In a screen for Wnt genes executing the patterning function of the vertebrate surface ectoderm, we have isolated a novel chick Wnt gene, chick Wnt6. This gene encodes the first pan-epidermal Wnt signalling molecule. Further sites of expression are the boundary of the early neural plate and surface ectoderm, the roof of mesencephalon, pretectum and dorsal thalamus, the differentiating heart, and the otic vesicle. The precise sites of Wnt6 expression coincide with crucial changes in tissue architecture, namely epithelial remodelling and epithelialmesenchymal transformation (EMT). Moreover, the expression of Wnt6 is closely associated with areas of Bmp signalling. q
Results

Cloning of chick Wnt6
In the chick embryo, the surface ectoderm plays important roles in somite formation (Sosic et al., 1997; Palmeirim et al., 1998) , dorsoventral organisation of the somite (Fan and Tessier-Lavigne, 1994; Dietrich et al., 1997) , and specification of the hypaxial musculature (Dietrich et al., 1998; reviewed in Dietrich, 1999) . Several members of the Wnt family of signalling molecules have been suggested to execute the function of the surface ectoderm, based on experiments in vitro (Fan et al., 1997; Tajbakhsh et al., 1998; Wagner et al., 2000) . However, the available expression data are not sufficient to unambiguously identify the responsible molecule (Dealy et al., 1993; Parr et al., 1993; Parr and McMahon, 1995; Hollyday et al., 1995; Riddle et al., 1995; Vogel et al., 1995; Kengaku et al., 1998; Cauthen et al., 2001 ). We therefore searched for candidate epidermal Wnt genes by reverse transcriptase-polymerase chain reaction (RT-PCR) with degenerate primers.
Sequencing of the most abundant PCR product revealed a novel sequence (Fig. 1A) showing highest similarity (70% amino acid identity, Fig. 1B ) to mouse Wnt6 (Gavin et al., 1990; Parr et al., 1993) . In an evolutionary tree based on the most conserved part of the protein, the novel chick Wnt protein lined up with mouse Wnt6 (Fig. 1C) , implying that our clone represents the chick homologue of Wnt6.
Pan-epidermal expression overlying the somites
To determine whether Wnt6 was the desired pan-epidermal marker, we studied the expression pattern of the gene in E3 chick embryos, the stage we had used to isolate Wnt6 initially. Wnt6 indeed labels the entire surface ectoderm from occipital to tail levels ( Fig. 2A) . Expression stretches from the dorsal to ventral margin of the embryo ( Fig. 2A-C) , with elevated levels in the limb apical ectodermal ridge (AER) at later stages (not shown). Importantly, Wnt6-positive ectoderm covers the segmental plate ( Fig. 2A, D) and all somites during their entire development. Upon epithelial somite formation however, expression weakens above the central dermomyotome, but intensifies above the dermomyotomal lips, which are the sites of muscle precursor delamination (Denetclaw et al., 1997; Kahane et al., 1998; Fig. 2B-D) . Thus, the Wnt6 expression pattern in the trunk surface ectoderm, unmatched by any of the other Wnt genes (a comparison of Wntb, Wnt3a, Wnt4, and Wnt7a expression at E3 is available from the authors), correlates with the role of the ectoderm in epithelial somite and dermomyotome formation, and the subsequent generation of skeletal muscle precursors.
Epidermal expression at sites of cranial muscle formation
Interestingly, at E3 additional epidermal Wnt6 domains also overlie sites of cranial muscle formation. Firstly, Wnt6 expression in the trunk surface ectoderm extends cranially along the base of the branchial arches. By HH18, Wnt6 signals form a crescent around the developing sixth arch (Figs. 2A and 3A) , which terminates at the proposed head-trunk border (Kuratani, 1997) , and overlies the path of the emigrating tongue muscle precursors (Mackenzie et al., 1998; Huang et al., 1999) , the axons of the hypoglossal nerve (Kuratani et al., 1988) , and the circumpharyngeal neural crest cells (Shigetani et al., 1995) . Wnt6 expression along this route commences before the tongue muscle precursors emigrate. Secondly, Wnt6 signals spread laterally from the di/mesencephalic neural folds to label the epidermis lateral to the brain and dorsal to the branchial arches. Between HH15 and 18, this staining intensifies particularly around the eye ( Fig. 2A) , where extraocular muscles, derived from non-somitic head mesoderm, assemble in the mesenchyme beneath (Noden, 1983; Wachtler et al., 1984; Jacob et al., 1984; Couly et al., 1992; Noden et al., 1999) . Between HH18 and 22, Wnt6 signals from the caudal and rostral domains extend further, eventually forming a continuous Wnt6 expression domain in the surface ectoderm. (Figs. 2A and 3A-C).
Tracing the epidermal Wnt6 expression to the neuralepidermal border
To determine whether the pan-epidermal expression of Wnt6 at E3 can be traced back to the stages when during neural induction the surface ectoderm is established (reviewed by Streit and Stern, 1999) , we examined the expression pattern of Wnt6 during the first 2 days of chick development. Wnt6 expression commences at HH5 (not shown) in a small domain of epiblast lateral to the primitive streak, halfway between the node and the posterior end of the streak. This area provides the post-otic neural folds and neural crest cells (e.g. Garcia-Martinez et al., 1993) . Over the next few hours, Wnt6 signals converge into the developing neural folds, labelling only the epidermal side. From HH9 ( Fig. 2E-K) , Wnt6 in the trunk spreads laterally into the postotic surface ectoderm (Fig. 2H, I ), suggesting that the panepidermal expression typical for later stages of development is established as soon as the neural-epidermal segregation is completed. At this stage, Wnt6 is also expressed in the neural folds of mesencephalon and caudal rhombencephalon (Fig.  2F, G) . These domains eventually fuse with the caudal Wnt6 domain (not shown), so that all axial levels generating neural crest cells express Wnt6 at their neural-epidermal interface. However, with the exception of mesencephalic levels, the neural crest cells are Wnt6-negative when they detach from the neural tube to migrate into the periphery.
Expression during cardiac cushion formation in the heart
The developing heart begins to express Wnt6 at HH10 (not shown), in a small expression domain in the posterior part of the heart tube corresponding to the prospective atrioventricular junction, where the atrioventricular canal will form. This restricted expression is maintained until HH18 ( Figs. 2A and 3D) , when in addition low levels of Wnt6 expression become detectable in the outflow tract (not shown). In both domains, Wnt6 signals are restricted to The translated sequences of the chick PCR fragments were aligned to corresponding protein sequences of published mouse and human Wnt genes (Genbank), using the VectorNTI package (Informax). An unrooted evolutionary tree was constructed using the Neighbour joining method implemented in VectorNTI. The chick proteins are clustered with their mammalian counterparts; in particular, the chick Wnt6 sequence (arrow) is grouped with mouse Wnt6. the myocardium (Fig. 3D, E) , which induces the formation of the atrioventricular and conotruncal cushions from the endocardium below (reviewed in Eisenberg and Markwald, 1995) . The cardiac cushions will form the valves and septa of the mature heart.
Expression in the inner ear
Wnt6 also labels the otic vesicle during the formation of the auditory and vestibular apparatus of the inner ear (reviewed in Torres and Giraldez, 1998) . The first otic Wnt6 signals appeared at HH19, in a small spot at the anterior-dorsal margin of the otic vesicle, followed by a similar posterior-dorsal signal (not shown). By HH22 (Fig. 3F, G) , the two domains at the anterior and posterior margin of the dorsal otic vesicle now lie in the medial wall of the developing anterior and posterior semicircular ducts. The expression excludes the developing anterior and posterior cristae, which are marked by Bmp4 expression at this stage (Wu and Oh, 1996) . An additional, broader expression domain in the medial part of the otic vesicle, more ventral than the former domains, resides in the area where the lateral semicircular duct will develop (Fig. 3F, H) . This domain is split into two parts by the developing lateral crista in the centre. Finally, a much weaker Wnt6 signal labels the floor of the cochlear duct, the ventral-most aspect of the otic vesicle (Fig. 3F ).
Conclusion: common denominators in Wnt6 expression
Although Wnt6 is expressed during the development of Fig. 2E ), Wnt6 omits the tail bud. The expression domain in the heart seen earlier is now confined to the atrioventricular junction (A, filled arrowhead). The ectodermal expression continues cranially, covering the base of the branchial arches (A, arrows marked bba). In the head, expression is found in the roof of the mesencephalon, pretectum and dorsal thalamus, and in the surface ectoderm overlying the eye (A, arrows marked ce). (E-K) Expression of Wnt6 at HH9. (E) Dorsal view of the whole embryo. (F-K) Cross sections at the levels indicated in (E). Wnt6 is expressed along the neural folds of the closing neural tube at the mesencephalon (F), the caudal rhombencephalon (G), and along the spinal cord (H,I). At postotic/somitic levels, Wnt6 expression spreads into the surface ectoderm (H,I, lower label). Further caudally, Wnt6 staining resides along the borders of the neural plate (J). Caudal to Hensen's node, the boundary between the Wnt6 domain and the neural plate is diffuse and Wnt6 expression peters out (K), leaving the caudal pole of the embryo devoid of any signals. The prominent mesencephalic Wnt6 staining seen in whole embryos at this stage results from gene expression in the neural folds, in emerging neural crest cells and in the overlying surface ectoderm. In contrast, at the post-otic rhombencephalon and at spinal cord levels, Wnt6 expression is restricted to the neural folds, not labelling the mesenchyme. Scale bar ¼ 500 mm in A; scale bar ¼ 200 mm in B (applies to B-D); scale bar ¼ 400 mm in E; scale bar ¼ 400 mm in F (applies to F-K). Abbreviations: bba, base of branchial arches; ce cranial ectoderm; dt, dorsal thalamus; ect, surface ectoderm; hn, Hensens's node; ht, heart; lm, lateral mesoderm; mes, mesencephalon; nc neural crest; nf, neural folds; np, neural plate; ov, otic vesicle; prh, caudal (post-otic) rhombencephalon; ps, primitive streak; pt, pretectum; sc, spinal cord; som, somite; tb, tail bud.
various organs in the embryo, all expression domains share two important properties. Firstly, Wnt6 expression domains are closely associated with sites of TGFb signalling, in particular signalling of BMPs. Notably, Wnt6 expressing surface ectoderm and Bmp4 expressing lateral mesoderm need to cooperate to induce the formation of hypaxial muscle precursors (Dietrich et al., 1998) . Secondly, sites of Wnt6 expression correlate with drastic changes in tissue architecture, including the release of muscle precursors from the dermomyotomal lips (Denetclaw et al., 1997; Kahane et al., 1998; reviewed by Christ and Ordahl, 1995; Gossler and Hrabe de Angelis, 1998; Dietrich, 1999) , and the formation of neural crest cells and cardiac cushions by epithelial-mesenchymal transformation.
Experimental procedures
Chicken eggs
Fertilised chicken eggs were obtained from Winter Farm, Royston. Eggs were incubated in a humidified atmosphere at 398C. Embryos were staged according to Hamburger and Hamilton (1951) . Abbreviations: a, anterior; asd, anterior semicircular duct; at, atrium; avc, atrioventricular canal; ba, branchial arches; cd, cochlear duct; d, dorsal; ed, endolymphatic duct; l, lateral; lsd, lateral semicircular duct; m, medial; md, mandible; mx, maxilla; oc, oral cavity; oft, outflow tract; p, posterior; psd, posterior semicircular duct; v, ventral; ve, ventricle; others as in Fig. 2. 
Molecular cloning of Wnt genes
RNA was prepared from surface ectoderm and attached mesoderm derived from the neck paraxial region of HH18 chick embryos, carefully avoiding neural tube or limbs. Sequences corresponding to Wnt2b, Wnt3a, Wnt4, Wnt5a, Wnt5b, and Wnt6 were amplified by PCR, using the degenerate primers GGGGAATTCA PCR fragments were cloned into Bluescript II SK 1 (Stratagene), and sequenced on an ABI 377 automated sequencer (Applied Biosystems).
In situ hybridisation
Whole mount in situ hybridisation and vibratome sectioning was performed as described (Dietrich et al., 1997) , using the amplified Wnt6 sequence as probe.
Photography
Whole embryos and sections were photographed using Nomarski optics on a Zeiss Axiophot microscope. The images were subsequently processed in Adobe Photoshop.
